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A VECTOR AUTOREGRESSIVE MODEL FOR INTERPOLATING MISSING 
METEOROLOGICAL DATA FOR USE IN BUILDING SIMULATION 
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$%675$&7�
%XLOGLQJ�SHUIRUPDQFH�VLPXODWLRQ�LV�LQFUHDVLQJO\�XVHG�
WR� DLG� LQ� GHFLVLRQ� PDNLQJ� DERXW� WKH� GHVLJQ��
FRQVWUXFWLRQ�� UHWURILW�� RSHUDWLRQ�� DQG�PDLQWHQDQFH� RI�
QHZ�DQG�H[LVWLQJ�EXLOGLQJV��6XFK�VLPXODWLRQV�UHTXLUH�
D� FRPSOHWH� VHW� RI� PHWHRURORJLFDO� GDWD� VDPSOHG� DW�
UHJXODU� LQWHUYDOV�� $� GDWD� ILOH� ZLWK� HYHQ� D� VLQJOH�
PLVVLQJ� PHDVXUHPHQW� YDOXH� EHFRPHV� XVHOHVV� IRU�
VLPXODWLRQ��8QIRUWXQDWHO\��LW�LV�H[WUHPHO\�UDUH�WR�ILQG�
VXFK�D�SHUIHFW�ERG\�RI�GDWD��0HDVXUHPHQW�HUURUV�DQG�
VHQVRU� IDLOXUH� DUH� IUHTXHQW� RFFXUUHQFHV� LQ�
PHWHRURORJLFDO�GDWD�FROOHFWLRQ�DQG�DUH�DPRQJ�D�KRVW�
RI� UHDVRQV� IRU� PLVVLQJ� PHDVXUHPHQW� YDOXHV�� 7R�
RYHUFRPH�WKLV�SUREOHP��VLPXODWLRQ�XVHUV�PD\�UHO\�RQ�
7\SLFDO� 0HWHRURORJLFDO� <HDUV� �70<V�� LQVWHDG� RI�
DFWXDO� KLVWRULFDO�GDWD��RU� WKH\�PD\�DSSO\�DQ�H[LVWLQJ�
LQWHUSRODWLRQ�PHWKRG�WR�ILOO�WKH�JDSV�LQ�KLVWRULFDO�GDWD��
+LVWRULFDO�GDWD�LV�RIWHQ�SUHIHUDEOH��VLQFH�70<V�IDLO�WR�
DFFRXQW�IRU�DW\SLFDO�ZHDWKHU�FRQGLWLRQV��&OHDUO\��WKLV�
FRXOG� OHDG� WR� SRRU� GHFLVLRQ� PDNLQJ� ZKHQ� WKH�
GHFLVLRQ� RXWFRPHV� DUH� VWURQJO\� DIIHFWHG� E\� WKH�
RFFXUUHQFH�RI�DW\SLFDO�FRQGLWLRQV���
7KLV� SDSHU� SUHVHQWV� D� QRYHO� DSSOLFDWLRQ� RI� 9HFWRU�
$XWRUHJUHVVLYH� *DXVVLDQ� ,QWHUSRODWLRQ� �9*,�� DV� D�
PHWKRG� IRU� VWDWLVWLFDO� LQWHUSRODWLRQ� EHWZHHQ� GLVFUHWH�
ZHDWKHU�GDWD�SRLQWV��$�YHFWRU�DXWRUHJUHVVLYH�PRGHO�LV�
ILUVW� FDOLEUDWHG� XVLQJ� VLWH�VSHFLILF� PHWHRURORJLFDO�
GDWD�� DQG� WKHQ� XVHG� WR� GHWHUPLQH� WKH� PRVW� OLNHO\�
YDOXH� IRU� RQH� RU� PRUH� PLVVLQJ� GDWD� SRLQWV�� 7KH�
PHWKRG�LV�YDOLGDWHG�IRU�VHYHUDO�FLWLHV�LQ�WKH�86$��DQG�
UHVXOWV� VKRZ� D� VLJQLILFDQW� LPSURYHPHQW� LQ� DFFXUDF\�
UHODWLYH�WR�RWKHU�LQWHUSRODWLRQ�PHWKRGV��

,1752'8&7,21�
,Q������� WKH�UHVLGHQWLDO� VHFWRU�DFFRXQWHG� IRU�����RI�
HQG�XVH� HQHUJ\� FRQVXPSWLRQ� LQ� WKH� 8QLWHG� 6WDWHV�
�8�6�� (QHUJ\� ,QIRUPDWLRQ�$GPLQLVWUDWLRQ�� ������� ,Q�
VSLWH� RI� VHYHUDO� DGYDQFHV� LQ� EXLOGLQJ� WHFKQRORJLHV��
DYHUDJH�KRXVHKROG�HQHUJ\�FRQVXPSWLRQ�KDV�UHPDLQHG�
UHODWLYHO\� VWDEOH�� (FRQRPLF� DQG� HQYLURQPHQWDO�
FRQFHUQV� DERXW� WKH� ODFN� RI� LPSURYHPHQW� LQ� HQHUJ\�
HIILFLHQF\�KDYH�GULYHQ�LQFUHDVLQJ�LQWHUHVW�LQ�RII�JULG��
]HUR�HQHUJ\�KRPHV��

+RZHYHU��UHVHDUFK�KDV�VKRZQ�WKDW�D�PDMRU�REVWDFOH�WR�
WKHLU� LPSOHPHQWDWLRQ� UHPDLQV� WKH� ULVN� DULVLQJ� IURP�
WKH� LQKHUHQW� YDULDELOLW\� LQ� WKH� ZHDWKHU� �+X�� �������
7KHUH� LV� VLJQLILFDQW� XQFHUWDLQW\� LQ� ERWK� HQHUJ\�
SURGXFWLRQ� DQG� FRQVXPSWLRQ� LQ� ]HUR�HQHUJ\� KRPHV��
'XH� WR� WKH� G\QDPLF� YDULDWLRQ� LQ� WKH� DYDLODELOLW\� RI�
QDWXUDO� UHVRXUFHV� VXFK� DV� VRODU� UDGLDWLRQ� DQG� ZLQG��
DFWXDO� HQHUJ\� JHQHUDWLRQ� FDQ� EH� YHU\� GLIILFXOW� WR�
SUHGLFW�� 6LPLODUO\�� WKH� GHPDQG� VLGH� RI� WKH� HQHUJ\�
EDODQFH�LV�DOVR�VWURQJO\�LPSDFWHG�E\�WKH�VXUURXQGLQJ�
ZHDWKHU� FRQGLWLRQV�� (YHQ� W\SLFDO� YDULDWLRQ� LQ� WKH�
VXUURXQGLQJ� ZHDWKHU� FRQGLWLRQV� KDV� EHHQ� IRXQG� WR�
UHVXOW� LQ� YDULDWLRQV� RI� ��� LQ� DFWXDO� HQHUJ\�
FRQVXPSWLRQ� �%KDQGDUL�� HW� DO��� ������� &RQVLGHULQJ�
WKHVH�ILQGLQJV��ZHDWKHU�XQFHUWDLQW\�DQDO\VLV�DQG�ULVN�
FRQVFLRXV�GHVLJQ�KDYH�JDLQHG�DWWHQWLRQ��HVSHFLDOO\�LQ�
WKH�EXLOGLQJ�VLPXODWLRQ�FRPPXQLW\��GH�:LOGH��HW�DO���
�������
5LVN�FRQVFLRXV� GHVLJQ� GHPDQGV� D� ZHDWKHU�GDWD� VHW�
WKDW� FDQ� SURYLGH� QRW� RQO\� WKH� W\SLFDO� ZHDWKHU�
FRQGLWLRQV� IRU� D� VSHFLILF� ORFDWLRQ�� EXW� DOVR� WKH�
SUREDELOLW\� RI� UDQGRP�� ULVN�UHODWHG� ZHDWKHU�
FRQGLWLRQV� �+X�� ������� 9DULRXV� ³W\SLFDO´� GDWD� VHWV�
GHULYHG� IURP� REVHUYHG� PHWHRURORJLFDO� GDWD�� PRVW�
QRWDEO\� WKH� 7\SLFDO� 0HWHRURORJLFDO� <HDU� �70<�� LQ�
WKH�8QLWHG�6WDWHV�DQG�WKH�7HVW�5HIHUHQFH�<HDU��75<��
LQ� WKH� 8QLWHG� .LQJGRP�� KDYH� EHFRPH� WKH� VWDQGDUG�
VRXUFHV� RI� PHWHRURORJLFDO� GDWD� IRU� EXLOGLQJ�
SHUIRUPDQFH� HYDOXDWLRQ� �$JXLDU�� HW� DO��� �������
$FFRUGLQJ� WR� WKH� XVHU¶V�PDQXDOV� IRU� WKH�70<�� DQG�
70<�� VWDQGDUGV�� WKHVH� SURILOHV� UHSUHVHQW� W\SLFDO�
UDWKHU�WKDQ�H[WUHPH�FRQGLWLRQV�DQG�DUH�QRW�VXLWHG�IRU�
ZRUVW�FDVH�VFHQDULR�GHVLJQ��0DULRQ�DQG�8UEDQ��������
:LOFR[�� HW� DO��� ������� $GGLWLRQDOO\�� VLQFH� WKHVH�
W\SLFDO� GDWD� VHWV� DUH� WKHPVHOYHV� EDVHG� RQ� KLVWRULFDO�
GDWD�� GDWD� ILOOLQJ� IRU� JDSV� RI� XS� WR� �� KRXUV� ZDV�
SHUIRUPHG� XVLQJ� OLQHDU� LQWHUSRODWLRQ�� /LQHDU�
LQWHUSRODWLRQ� LV� JHQHUDOO\� VDWLVIDFWRU\� ZKHQ� WKH�
YDULDEOH� FRQFHUQHG� YDULHV� VORZO\� FRPSDUHG� WR� WKH�
VDPSOLQJ� LQWHUYDO�� EXW� HYHQ� WKHQ�� LW� FDQ� VPRRWKHQ�
GDWD�H[FHVVLYHO\��*RUPDQ���������
$OWKRXJK� QR� RQH� W\SLFDO� GDWD� VHW� RU� PHWKRG� KDV�
SURYHQ� WR� EH� FRQVLVWHQWO\� EHWWHU� WKDQ� WKH� RWKHUV�� WKH�
VWXG\�E\�%KDQGDUL� VKRZV� WKDW�D�EXLOGLQJ¶V�SURMHFWHG�
RYHUDOO� DQQXDO� HQHUJ\� FRQVXPSWLRQ� YDULHV� XS� WR� ���
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GHSHQGLQJ� RQ� WKH� SURYLGHG� ZHDWKHU� GDWD�� )RU� MXVW�
KHDWLQJ� DQG� FRROLQJ� ORDGV�� YDULDWLRQ� EHWZHHQ� GDWD�
VHWV� LQFUHDVHV� XS� WR� ����� ,W� FDQ� EH� ORJLFDOO\�
FRQFOXGHG� WKDW� GLIIHUHQW� ZHDWKHU� YDULDEOHV� LQIOXHQFH�
GLIIHUHQW�DVSHFWV�RI�EXLOGLQJ�SHUIRUPDQFH��DQG�LQ�IDFW��
IRU� DQ� LQGLYLGXDO�ZHDWKHU� YDULDEOH�� WKH� GLIIHUHQFH� LQ�
SURMHFWHG� FRQVXPSWLRQ� XVLQJ� GLIIHUHQW� ZHDWKHU�GDWD�
VHWV�FDQ�EH�DV�KLJK�DV����� �%KDQGDUL�� HW� DO����������
7KHVH� VLPXODWLRQ� GLIIHUHQFHV� HPSKDVL]H� WKH�
LPSRUWDQFH� RI� VHOHFWLQJ� DQ� DSSURSULDWH� ZHDWKHU�
SURILOH�IRU�EXLOGLQJ�VLPXODWLRQ��,Q�WKLV�SDSHU��ZH�VHHN�
WR� DGGUHVV� WKH� GHILFLHQF\� LQ� FXUUHQW� LQWHUSRODWLRQ�
PHWKRGV� E\� LQWURGXFLQJ� D� YHFWRU� DXWRUHJUHVVLYH�
PRGHO� IRU� WKH� VWDWLVWLFDO� LQWHUSRODWLRQ� RI�
PHWHRURORJLFDO�GDWD��
7KH� UHVW� RI� WKH� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� )LUVW��
ZH�LQWURGXFH�D�WLPH�VHULHV�DSSURDFK�WR�WKH�DQDO\VLV�RI�
PHWHRURORJLFDO�GDWD��ZKLFK�VHUYHV�DV�WKH�EDVLV�IRU�WKLV�
ZRUN�� 1H[W�� WKH� VWDWLVWLFDO� LQWHUSRODWLRQ� PRGHO� LV�
SUHVHQWHG�� IROORZHG� E\� YDOLGDWLRQ� H[DPSOHV�
UHSUHVHQWLQJ� VHYHUDO� FOLPDWH� UHJLRQV� LQ� WKH� 8QLWHG�
6WDWHV��5HVXOWV�RI�WKH�VWDWLVWLFDO�LQWHUSRODWLRQ�DUH�WKHQ�
FRPSDUHG�WR�WKRVH�IURP�OLQHDU�LQWHUSRODWLRQ��D�FXUUHQW�
VWDQGDUG�� /DVWO\�� ZH� GLVFXVV� DGYDQWDJHV� RI� HDFK�
DSSURDFK��LGHQWLI\�RSSRUWXQLWLHV�IRU�IXWXUH�ZRUN��DQG�
RIIHU�FRQFOXGLQJ�UHPDUNV��

%$&.*5281'�
$OWKRXJK� DFWXDO� KLVWRULFDO� GDWD� FDQ� EH� DQ� DWWUDFWLYH�
FKRLFH� IRU� ULVN�FRQVFLRXV� GHVLJQ�� LWV�PDQ\� JDSV� DQG�
IODZV� PRWLYDWH� DQ� LQWHUSRODWLRQ� PHWKRG� ZKLFK�
SUHVHUYHV� WKH�YDULDWLRQ� IRXQG� LQ� QDWXUDO� SKHQRPHQD��
,Q�WKH�FDVH�RI�HUURUV�RU�PLVVLQJ�YDOXHV��OLQHDU��VSOLQH��
RU�QHDUHVW�QHLJKERU�LQWHUSRODWLRQ�DUH�FRPPRQO\�XVHG�
PHWKRGV� WR�FRPSOHWH�D�GDWD� VHW� �&DQDOH�DQG�&KDSUD��
������� 7KHVH� UHODWLYHO\� VLPSOH� SUHGLFWRUV� DUH� EDVHG�
RQO\� RQ� WKH� LPPHGLDWHO\� VXUURXQGLQJ� REVHUYDWLRQV��
DQG� WKHLU� DFFXUDFLHV� JUHDWO\� GHFUHDVH� ZKHQ� XVHG� WR�
SUHGLFW�PRUH� WKDQ�RQH� FRQVHFXWLYH�PLVVLQJ�SRLQW�� ,Q�
WKH� HYHQW� RI� D� PHDVXUHPHQW� DSSDUDWXV� PDOIXQFWLRQ��
IRU�H[DPSOH��ODUJHU�JDSV�LQ�GDWD�PD\�RFFXU��DQG�LW� LV�
FRPPRQ�WR�VXEVWLWXWH�WKH�YDOXHV�IURP�WKH�VDPH�KRXUV�
RI� WKH� SUHYLRXV� GD\� RU� VLPSO\� VHDVRQDO� DYHUDJHV� DW�
WKRVH� KRXUV� �&KDWILHOG�� ������ 0DULRQ� DQG� 8UEDQ��
������:LOFR[�� HW� DO��� ������� 7KLV� SDSHU� SUHVHQWV� DQ�
LQWHUSRODWLRQ�PRGHO�ZKLFK� LPSURYHV� WKH�DFFXUDF\�RI�
HVWLPDWHG�YDOXHV�E\�FRQVLGHULQJ�FOLPDWRORJLFDO�WUHQGV�
IRU�D�SDUWLFXODU�ORFDWLRQ��
6HYHUDO� FRPPHUFLDO� YHQGRUV� RIIHU� SURSULHWDU\�
LQWHUSRODWLRQ� DQG� IRUHFDVWLQJ� VHUYLFHV� ZKLFK� WKH\�
FODLP� DUH� PRUH� DFFXUDWH� WKDQ� WKH� VWDQGDUG� PHWKRGV�
XVHG� E\� PDQ\� UHVHDUFKHUV�� +RZHYHU�� WKH� FRVW��
GHOLYHU\�WLPH��DQG�LQDFFHVVLELOLW\�WR�WKH�PHWKRGRORJ\�
SUHVHQW� FRQVLGHUDEOH� GLVDGYDQWDJHV� WR� WKH� XVHU�� ,Q�
FRQWUDVW��ZH�SUHVHQW�D�PRGHO� WKDW�FDQ�EH� IUHHO\�XVHG�
DQG� XQGHUVWRRG� E\� UHVHDUFKHUV� LQ� WKH� EXLOGLQJ�
VLPXODWLRQ�FRPPXQLW\�DQG�RWKHU�ILHOGV��
,Q� RUGHU� WR� GHILQH� ORQJ�WHUP� PHWHRURORJLFDO� WUHQGV��
WKH� FKURQRORJLFDO� ZHDWKHU� VHW� LV� DQDO\]HG� DV� D� WLPH�
VHULHV��GHILQHG�DV�³D�FROOHFWLRQ�RI�REVHUYDWLRQV�PDGH�

VHTXHQWLDOO\� WKURXJK� WLPH´� �&KDWILHOG�� ������� 6LQFH�
ZH� DVVXPH� QRQ�GHWHUPLQLVWLF� EHKDYLRU�� D� YHFWRU�
DXWRUHJUHVVLYH� PRGHO� LV� XVHG� WR� SUHGLFW� WKH� PRVW�
OLNHO\� YDOXH� EDVHG� RQ� SUHYLRXV� GDWD�� DQG� VWDWLVWLFDO�
WRROV� DUH� XVHG� WR� FKDUDFWHUL]H� WKH� XQFHUWDLQW\� RU�
YDULDELOLW\��,Q�DGGLWLRQ��D�WLPH�VHULHV�DQDO\VLV�HQDEOHV�
GHWHFWLRQ�RI�FURVV�SKHQRPHQD�WUHQGV�LQ�ZHDWKHU�GDWD��
$XWRUHJUHVVLRQ� LV� D� FRPPRQ� VLQJOH�YDULDEOH�
DSSURDFK� WR�PRGHOLQJ� D� GDWD� WUHQG�� +RZHYHU�� ZKHQ�
WKH� YDOXH� RI� D� JLYHQ� YDULDEOH� GHSHQGV� QRW� RQO\� RQ�
SDVW� YDOXHV�RI� WKDW� VDPH�YDULDEOH�� EXW� DOVR�SDUWO\�RQ�
WKH� YDOXHV� RI� DW� OHDVW� RQH� RWKHU� WLPH� VHULHV�� YHFWRU�
DXWRUHJUHVVLRQ� DOORZV� WKH� PRGHOLQJ� RI� PXOWLYDULDWH�
WUHQGV�� )RU� H[DPSOH�� VRODU� UDGLDWLRQ� DQG� UHODWLYH�
KXPLGLW\� �5+�� DUH�ERWK� VWURQJO\� UHODWHG� WR�GU\�EXOE�
WHPSHUDWXUH� �'%7�� �+DVVDQ�� ������� 7KH� VWURQJ�
UHODWLRQVKLS�EHWZHHQ�ZHDWKHU�YDULDEOHV�LQGLFDWHV�WKDW�
LQFRUSRUDWLQJ� PXOWLSOH� PHWHRURORJLFDO� SKHQRPHQD�
FRXOG� SURYLGH� D� VLJQLILFDQW� ERRVW� LQ� WKH� DFFXUDF\� RI�
WKH�PRGHO¶V�SUHGLFWLRQV��,W�LV�EH\RQG�WKH�VFRSH�RI�WKLV�
SDSHU� WR� GHVFULEH� WLPH� VHULHV� DQDO\VLV� LQ� GHWDLO�� EXW�
IRU�D�PRUH�LQ�GHSWK�GLVFXVVLRQ��WKH�UHDGHU�LV�GLUHFWHG�
WR��&KDWILHOG���������
%HIRUH� LW� FDQ� EH� V\VWHPDWLFDOO\� DQDO\]HG�� WKH� GDWD�
PXVW� ILUVW�EH� ³FOHDQHG´��&OHDQLQJ�FRQVLVWV� VLPSO\�RI�
GHWHFWLQJ�LQFRPSOHWH�RU�FRUUXSW�SDUWV�RI�WKH�GDWD��DQG�
HLWKHU� LQVHUWLQJ� SODFHKROGHUV� RU� UHPRYLQJ� HUURUV� DV�
QHFHVVDU\��
,W�PXVW�WKHQ�EH�GHWHUPLQHG�ZKHWKHU�WKH�FOHDQHG�VHULHV�
H[KLELWV� D� WUHQG� DQG�� RU� VHDVRQDOLW\�� ,Q� QHDUO\� DOO�
ORFDWLRQV��VHDVRQDOLW\�LQ�WKH�GDWD�PXVW�EH�DGMXVWHG�LQ�
RUGHU� WR� DQDO\]H� XQGHUO\LQJ� PHWHRURORJLFDO� WUHQGV��
7KH�PRVW�FRPPRQ�PHWKRG�WR�HOLPLQDWH�VHDVRQDOLW\�LV�
WR� XVH� VRPH� IRUP� RI� D� PRYLQJ� DYHUDJH�� ZKLFK�
VPRRWKHV� WKH� GDWD� RYHU� D� VSHFLILHG� ZLQGRZ�
�&KDWILHOG�� ������� $QRWKHU� RSWLRQ� ZLWK� UHJXODUO\�
VDPSOHG�REVHUYDWLRQV�LV�VHDVRQDO�GLIIHUHQFLQJ��ZKHUH�
HDFK� YDOXH� LV� VXEWUDFWHG� E\� WKH� YDOXH� IURP� H[DFWO\�
RQH�\HDU�SULRU��VR�WKDW�WKH�WLPH�VHULHV�FRQVLVWV�RQO\�RI�
WKH� GLIIHUHQFH� LQ� REVHUYDWLRQV� IURP� \HDU� WR� \HDU�� ,Q�
WKH� QH[W� VHFWLRQ� ZH� GHVFULEH� WKH� 5RVHQEODWW�
WUDQVIRUPDWLRQ�� D�QRUPDOL]DWLRQ� WHFKQLTXH�ZKLFK�QRW�
RQO\� UHPRYHV� VHDVRQDOLW\�� EXW� DOVR� JHQHUDWHV� D�
VWDWLVWLFDO�FKDUDFWHUL]DWLRQ�RI�WKH�SKHQRPHQD��

(67,0$7,21�0(7+2'�
,Q� WKLV� VHFWLRQ�� ZH� LQWURGXFH� WKH� 9HFWRU�
$XWRUHJUHVVLYH� *DXVVLDQ� ,QWHUSRODWLRQ� �9*,��
PHWKRG��7KLV�PHWKRG�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�
WKH�ZHDWKHU�DW�D�JLYHQ�WLPH�LV�FRUUHODWHG�WR�ZHDWKHU�DW�
VLPLODU� WLPHV�� ZLWK� D� QRLVH� WHUP� DFFRXQWLQJ� IRU� WKH�
UHVLGXDO� YDULDWLRQ�� &KDUDFWHUL]DWLRQV� RI� YHFWRU�
DXWRUHJUHVVLYH� SURFHVVHV� W\SLFDOO\� DVVXPH� WKDW� WKH�
UHVLGXDO� WHUP� LV� *DXVVLDQ� GLVWULEXWHG�� $V� VKRZQ� LQ�
WKH� QH[W� VHFWLRQ�� PHWHRURORJLFDO� SKHQRPHQD� GR� QRW�
JHQHUDOO\� IROORZ� D� *DXVVLDQ� GLVWULEXWLRQ�� PHDQLQJ�
WKDW� WKH� UHVLGXDOV� IURP� WKH� OLQHDU� YHFWRU�
DXWRUHJUHVVLYH� PRGHO� ZLOO� QRW� HLWKHU�� :H� WKHUHIRUH�
XVH� D� 5RVHQEODWW� WUDQVIRUPDWLRQ� IURP� WKH� RULJLQDO�
GRPDLQ� LQWR� D� QRUPDOL]HG� GRPDLQ� VXFK� WKDW� WKH�
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GLVWULEXWLRQ� RI� WKH� WUDQVIRUPHG�ZHDWKHU� LV�*DXVVLDQ��
7KH�VWHSV�WR�GHWHUPLQH�WKH�XQGHUO\LQJ�PHWHRURORJLFDO�
WUHQGV� DQG� LQWHUSRODWH� PLVVLQJ� YDOXHV� LQ� WKH� GDWD�
XVLQJ�WKH�9*,�DUH�VXPPDUL]HG�LQ�)LJXUH����DQG�PRUH�
GHWDLOHG�SVHXGR�FRGH�LV�SURYLGHG�LQ�$SSHQGL[����

Collect Site-Specific Meteorological Data 
7KH� ILUVW� VWHS� LQ� GHYHORSLQJ� D� VLWH�VSHFLILF�
LQWHUSRODWLRQ� PRGHO� LV� WR� FROOHFW� D� VXIILFLHQWO\� ODUJH�
VDPSOH� RI� PHWHRURORJLFDO� GDWD�� $� ZHDWKHU� GDWDEDVH�
PDGH� SXEOLFO\� DYDLODEOH� E\� WKH� 1DWLRQDO� &OLPDFWLF�
'DWD�&HQWHU�RI�WKH�8�6��'HSDUWPHQW�RI�&RPPHUFH� LV�
WKH�VRXUFH�IRU�DOO�GDWD�XVHG�LQ�WKH�YDOLGDWLRQ�H[DPSOHV�
SUHVHQWHG�LQ�WKH�QH[W�VHFWLRQ��$OWKRXJK�FDOLEUDWLRQ�RI�
WKH�PRGHO�LV�PDWKHPDWLFDOO\�SRVVLEOH�EDVHG�RQ�RQO\�D�
IHZ�\HDUV�RI�GDWD��LW�LV�VWURQJO\�DGYLVHG�WR�XVH�ODUJHU�
GDWD�VHWV�LQ�RUGHU�WR�HQVXUH�WKDW�ORQJ�WHUP�WUHQGV�DQG�
YDULDELOLW\�DUH�FDSWXUHG��7KH�GDWD�VHW�XVHG�IRU�PRGHO�
FDOLEUDWLRQ� LQ� WKH� YDOLGDWLRQ� H[DPSOHV� LQFOXGHG� ���
\HDUV�RI�KRXUO\�VDPSOHG�ZHDWKHU�REVHUYDWLRQV��
6LQFH� WKH� PRGHO� EXLOGV� RQ� KRXUO\� GDWD� IRU� HDFK�
SKHQRPHQRQ� DFURVV� DOO� \HDUV� LQ� WKH� GDWD� VHW�� DOO�
REVHUYDWLRQV�IURP�WKH���WK�RI�)HEUXDU\� LQ� OHDS�\HDUV�
DUH�QHJOHFWHG�� ,Q� DGGLWLRQ��PLVVLQJ�PHDVXUHPHQWV�RU�
XQUHOLDEOH� PHDVXUHPHQWV� �DV� LQGLFDWHG� E\� DQ� HUURU�
FRGH��VKRXOG�EH�PDUNHG�VR�WKDW�WKH\�DUH�QRW�LQFOXGHG�
LQ�WKH�FDOFXODWLRQV��)LQDOO\��VLQFH�PHDVXUHPHQWV�ZHUH�
RQO\�UHFRUGHG�HYHU\���KRXUV�GXULQJ�VRPH�\HDUV�� LW� LV�
QHFHVVDU\� WR� LQVHUW� HPSW\� SODFHKROGHUV� EHWZHHQ�
REVHUYDWLRQV�WR�PDWFK�WKH�KRXUO\�VDPSOLQJ�UDWH�RI�WKH�
UHVW�RI�WKH�GDWD�VHW��

Normalize the Data 
7KH�9*,�PHWKRG�DVVXPHV�GDWD�WR�EH�UHDOL]DWLRQV�RI�D�
*DXVVLDQ� SURFHVV�� +RZHYHU�� LW� KDV� EHHQ� QRWHG� WKDW�
KLVWRULFDO� PHWHRURORJLFDO� SKHQRPHQD� GR� QRW�
JHQHUDOO\� IROORZ� D� *DXVVLDQ� GLVWULEXWLRQ� �+RQJ� DQG�
-LDQJ�� ������ /HH�� HW� DO��� ������� 6LQFH� VXFK� D�
FKDUDFWHUL]DWLRQ� LV� WKH� PDWKHPDWLFDO� EDVLV� RI� WKH�
YHFWRU�DXWRUHJUHVVLYH�PRGHO�� WKH�GDWD� LV� WUDQVIRUPHG�
IURP� WKH� RULJLQDO� GRPDLQ� WR� WKH� QRUPDOL]HG� GRPDLQ�
XVLQJ�D�5RVHQEODWW�WUDQVIRUPDWLRQ��5RVHQEODWW���������
$�5RVHQEODWW�WUDQVIRUP�LV�JHQHUDWHG�DQG�WKHQ�DSSOLHG�
IRU� HDFK� KRXU� RI� WKH� WLPH� VHULHV� VXFK� WKDW� DW� HDFK�
KRXU�� HDFK� SKHQRPHQRQ� LV� FKDUDFWHUL]HG� E\� D�
VWDQGDUG�QRUPDO�GLVWULEXWLRQ��
,Q� FRQWUDVW� WR� WKH� SURFHGXUHV� IRU� UHPRYLQJ� VHDVRQDO�
YDULDWLRQV� UHIHUUHG� WR� LQ� WKH� SUHYLRXV� VHFWLRQ�� D�
5RVHQEODWW� WUDQVIRUP� UHPRYHV� VHDVRQDOLW\� DQG� DOVR�
QRUPDOL]HV� WKH� GLVWULEXWLRQ� LQWR� D� ]HUR�PHDQ� XQLW�
YDULDQFH� QRUPDO� GLVWULEXWLRQ�� $V� YLVXDOL]HG� IRU� D�
VSHFLILF� KRXU� LQ� )LJXUH� ��� WKH� HPSLULFDO� &')� EDVHG�
RQ� WKH� KLVWRULFDO� GDWD� LV� ILUVW� WUDQVIRUPHG� LQWR� D�
FRQWLQXRXV�&')�XVLQJ�NHUQHO�VPRRWKHQLQJ��,W�LV�WKHQ�
QRUPDOL]HG�E\� DSSO\LQJ� WKH� VWDQGDUG�QRUPDO� LQYHUVH�
&')� PDSSLQJ�� 7R� SURYLGH�PRUH� GDWD� WR� JHQHUDWH� D�
VPRRWKHU�&')��ZH�FKRVH�WR�LQFOXGH�WKH�GDWD�IURP����
DQG� ��� KRXUV� SULRU� WR� DQG� IROORZLQJ� HDFK� KRXU��
$OWKRXJK� WKLV� PD\� LQWURGXFH� D� VPDOO� ELDV�� RXU�
YDOLGDWLRQ� H[SHULPHQWV� KDYH� VKRZQ� WKDW� WKLV�
LPSURYHV�WKH�DFFXUDF\�RI�WKH�HVWLPDWRU��
7KH� UHVXOWLQJ� UDQJH� RI� QRUPDOO\� DSSUR[LPDWHG�
VDPSOH� GDWD� ><@� DQG� WKH� VWDWLVWLFDO� GHQVLWLHV� >)@�
FRPSXWHG� DW� WKRVH� YDOXHV� DUH� VWRUHG� IRU� ODWHU� XVH��
ZKHQ� WKH� QRUPDOL]HG� DSSUR[LPDWLRQV� DUH� FRQYHUWHG�
EDFN�WR�WKH�RULJLQDO�GRPDLQ��

Calibrate Model for Location 
%HFDXVH� WKH� 5RVHQEODWW� WUDQVIRUPDWLRQ� \LHOGV� DQ�
DSSUR[LPDWHO\� QRUPDOO\�GLVWULEXWHG� VHW� RI� VDPSOHV��
ZH� FDQ� DVVXPH� WKDW� WKH� PLVVLQJ� YDOXHV� ZLOO� DOVR�
IROORZ�D�QRUPDO�GLVWULEXWLRQ��7KH�EDVLV�IRU�WKH�PRGHO�
WKHQ� EHFRPHV� D� PXOWLYDULDWH� *DXVVLDQ� GLVWULEXWLRQ��
6SHFLILFDOO\�� ZH� DVVXPH� WKDW� DQ\� GDWD� SRLQW� LQ� WKH�
QRUPDOL]HG�GDWD� VHW� LV� VWDWLVWLFDOO\� FRUUHODWHG� WR�GDWD�
SRLQWV� IRU� DOO� WKH� PHDVXUHG� SKHQRPHQD� DW�
QHLJKERULQJ� WLPH� LQVWDQFHV�� 7KH� MRLQW� SUREDELOLW\�
GLVWULEXWLRQ� IRU� WKLV� QRUPDOL]HG� GDWD� FDQ� WKHQ� EH�
UHSUHVHQWHG�DV��

𝑓(𝝓) =�
1

(2𝜋) |Σ|
exp −

1
2
(𝝓 − 𝝁) Σ (𝝓 − 𝝁) �

����

ZKHUH�𝝁 ∈ ℝ �LV�D�YHFWRU�RI�H[SHFWHG�YDOXHV��ZKLFK�
GXH� WR� WKH� DSSOLFDWLRQ� RI� WKH� 5RVHQEODWW�
WUDQVIRUPDWLRQ� LV� QHDU� ]HUR�� IRU� WKH� QRUPDOL]HG� GDWD�
𝝓�� 𝑛� LV� WKH� QXPEHU� RI� PHWHRURORJLFDO� SKHQRPHQD�
FRQVLGHUHG��𝑘� LV� WKH�QXPEHU�RI� WLPH�VDPSOHV�RU� ODJV�
IURP� HDFK� SKHQRPHQRQ�� DQG�Σ� LV� WKH� FRUUHVSRQGLQJ�
FRYDULDQFH� PDWUL[�� 7R� GHWHUPLQH� WKH� H[SUHVVLRQ� IRU�
WKH� HVWLPDWRU� RI� 𝜙 � JLYHQ� REVHUYDWLRQV  𝜙 , … , 𝜙 ��

�

)LJXUH����6WHSV�LQ�9*,�0HWKRG�

&ROOHFW�DQG�FOHDQ�VLWH�VSHFLILF�
PHWHRURORJLFDO�GDWD

1RUPDOL]H�GDWD�YLD�5RVHQEODWW�
WUDQVIRUPDWLRQ

&DOLEUDWH�PRGHO�XVLQJ�VLWH�
VSHFLILF�FRYDULDQFH�PDWUL[

,QWHUSRODWH�LQFRPSOHWH�GDWD�
UDQJHV

&RQYHUW�GDWD�EDFN�WR�RULJLQDO�
GRPDLQ

Raw historical data

Normalized data

Estimation coefficients

Estimated values
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)LJXUH����5RVHQEODWW�7UDQVIRUPDWLRQ�IRU���30�RQ�-XQH���������������LQ�6HDWWOH�

WKH� LQYHUVH� FRYDULDQFH� PDWUL[� LV� GLYLGHG� LQWR� VXE�
PDWULFHV��

Σ =

⎣
⎢
⎢
⎡𝐴

| 𝐵

𝐶 𝐷
⎦
⎥
⎥
⎤
� ����

)RU� WKH� LQYHUVH� FRYDULDQFH� PDWUL[� FRQVWUXFWHG� WR�
VROYH� IRU� D� VLQJOH� PLVVLQJ� YDOXH�� WKH� VL]H� RI� 𝐴� LV�
[1   ×   1]�� WKH� VL]H� RI� 𝐵� LV� [1   ×   (𝑛𝑘 − 1)]�� 𝐶� LV�
[(𝑛𝑘 − 1)   ×   1]��DQG�𝐷�LV�[(𝑛𝑘 − 1) ×  (𝑛𝑘 − 1)]��
7KHUH� DUH� PXOWLSOH� PHWKRGV� IRU� GHWHUPLQLQJ� WKH�
FRYDULDQFH�PDWUL[�IURP�WKH�GDWD��2QH�SRVVLELOLW\�LV�WR�
GHWHUPLQH�D�XQLTXH�FRYDULDQFH�PDWUL[�IRU�HDFK�RI�WKH�
����� KRXUV� LQ� WKH� \HDU�� +RZHYHU�� WKH� QXPEHU� RI�
DYDLODEOH�GDWD�SRLQWV�IRU�D�JLYHQ�KRXU�LV�YHU\�OLPLWHG��
DW� PRVW� ��� GDWD� SRLQWV� IRU� D� ���\HDU� GDWD� VHW��
9DOLGDWLRQ�H[SHULPHQWV�UHYHDOHG�WKDW�D�GDWD�VHW�RI�WKLV�
VL]H� LV� LQVXIILFLHQW� WR�REWDLQ�JRRG�HVWLPDWLRQ�UHVXOWV��
HVSHFLDOO\� IRU� WKH� FDVH� LQ� ZKLFK� WKH� GLPHQVLRQDOLW\��
𝑛𝑘�� LV� ODUJH� VR� WKDW� WKH� FRYDULDQFH� PDWUL[� PD\�
EHFRPH�UDQN�GHILFLHQW��
7R�RYHUFRPH�WKLV�ODFN�RI�GDWD��ZH�LQVWHDG�GHWHUPLQH�
D� VLQJOH� FRYDULDQFH� PDWUL[� LQ� ZKLFK� DOO� WKH� �����
KRXUV�RI� WKH�\HDU�DUH�FRPELQHG��6LQFH� WKH�GDWD�KDYH�
EHHQ� QRUPDOL]HG� DQG� VHDVRQDOLW\� KDV� EHHQ� UHPRYHG��
DOO�KRXUV�RI�WKH�\HDU�FDQ�EH�FRQVLGHUHG�MRLQWO\���

Estimate Missing Values 
$IWHU� GHWHUPLQLQJ� WKH� FRYDULDQFH� PDWUL[� XVLQJ� D�
SRUWLRQ�RI�WKH�GDWD�IRU�FDOLEUDWLRQ��DQ�H[SUHVVLRQ�FDQ�
EH� GHULYHG� WR� HVWLPDWH� WKH� PLVVLQJ� YDOXHV� LQ� WKH�
UHPDLQGHU�RI�WKH�GDWD�VHW��*LYHQ�WKH�DVVXPSWLRQ�WKDW�
WKH� QRUPDOL]HG� GDWD� FDQ� EH� UHSUHVHQWHG� DGHTXDWHO\�
XVLQJ�WKH�PXOWLYDULDWH�*DXVVLDQ�PRGHO�LQ�(TXDWLRQ����
DQ� HTXDWLRQ� FDQ� EH� GHULYHG� IRU� GHWHUPLQLQJ� WKH�
FRQGLWLRQDO� SUREDELOLW\� GLVWULEXWLRQ� IRU� D� PLVVLQJ�
SRLQW�𝜙 ��JLYHQ�WKH�ODJV�RU�QHLJKERULQJ�YDOXHV��

𝑓(𝜙 |𝜙 ,… , 𝜙 ,… , 𝜙 ,… , 𝜙 ) =�
1

𝜎(2𝜋)
exp −

(𝜙 − 𝜇   )
2𝜎

�
����

ZKHUH� 𝜇   LV� WKH� FRQGLWLRQDO� H[SHFWDWLRQ� RI� 𝜙 DQG�
𝜎   LV� WKH�FRQGLWLRQDO�YDULDQFH�RI�𝜙 ��$VVXPLQJ�]HUR�
PHDQ�WR�UHPRYH�VDPSOH�ELDV���(TXDWLRQV���DQG����FDQ�
EH�UHGXFHG�WR�WKH�VWDWLVWLFDO�PRGHO��7KH�SURRI�GHULYHG�
E\� WKH� DXWKRUV� LV� LQFOXGHG� LQ� WKH� $SSHQGL[�� DQ�
DOWHUQDWH�IRUP�RI�WKH�SURRI�FDQ�EH�IRXQG�RQ�SDJH�����
����RI��(DWRQ�����������

Ε[𝜙 |𝜙 ,… , 𝜙 , … , 𝜙 , … , 𝜙 ] =�

−
1
𝐴
× 𝐶

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝜙
⋮
𝜙
⋮

𝜙
⋮

𝜙 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

�
����

7KH�HVWLPDWLRQ�SDUDPHWHUV�RU�FRHIILFLHQWV��− × 𝐶 ��
FKDUDFWHUL]H� WKH� UHODWLRQVKLS�EHWZHHQ�𝑘�REVHUYDWLRQV�
IRU�DOO�𝑛�SKHQRPHQD��)RU�H[DPSOH�� LQ� WKH�YDOLGDWLRQ�
H[SHULPHQWV� SUHVHQWHG� LQ� WKLV� SDSHU�� ZH� HVWLPDWH�
WHPSHUDWXUH� E\� ILQGLQJ� HVWLPDWLRQ� FRHIILFLHQWV� IRU�
ERWK�WHPSHUDWXUH�DQG�KXPLGLW\�ODJV��
$Q�DOWHUQDWH�YHUVLRQ�RI�WKH�PRGHO�LQFOXGHV�D�³JUHHG\�
DOJRULWKP´� WR� VHDUFK� IRU� WKH� VHW� RI� ODJV� ZLWKLQ� D�
VSHFLILHG�UDQJH�WKDW�FDQ�EHVW�SUHGLFW�WKH�YDOXH�DW�DQ\�
JLYHQ� KRXU�� 7KH� DOJRULWKP� H[KDXVWLYHO\� VHDUFKHV�
WKURXJK� WKH� UDQJH� RI� SRVVLEOH� ODJV� WR� ILQG� WKH� M�
SUHGLFWRUV�UHVXOWLQJ�LQ�WKH�ORZHVW�0HDQ�6TXDUH�(UURU��
ZKHUH�M�LV�DOVR�VSHFLILHG�E\�WKH�XVHU��+RZHYHU��LW�FDQ�
EH� VHHQ� LQ� )LJXUH� �� WKDW� WKH� ILUVW� RQH� RU� WZR� KRXUV�
LPPHGLDWHO\�SUHFHGLQJ�DQG�IROORZLQJ�HDFK�GDWD�SRLQW�
SURYLGH�WKH�PRVW�FRUUHODWLRQ�LQIRUPDWLRQ�LQ�DOPRVW�DOO�
FDVHV�� VR� WKH� DGGLWLRQDO� FRPSOH[LW\� UHTXLUHG� IRU� WKH�
JUHHG\� DOJRULWKP� ODJ� VHDUFK� ZDV� QRW� FRQVLGHUHG�
ZRUWKZKLOH�� 7KH� ILUVW� KRXU� RQ� HDFK� VLGH� H[KLELW� D�
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VWURQJ� FRUUHODWLRQ�� ZLWK� KRXUV� EH\RQG� WKH� WKLUG�
H[KLELWLQJ� ZHDN� FRUUHODWLRQV� ZKLFK� DUH� OLNHO\�
LQIOXHQFHG� SULPDULO\� E\� QRLVH�� :KLOH� WKLV� FORVHO\�
UHVHPEOHV� OLQHDU� LQWHUSRODWLRQ� LQ� WKH� QRUPDOL]HG�
GRPDLQ�� WKH� LQFOXVLRQ� RI� KXPLGLW\� GDWD� UHYHDOV� WKH�
PRUH� FRPSOH[� UHODWLRQVKLSV� DFURVV� SKHQRPHQD��
ZKLFK� ZLOO� EH� GLVFXVVHG� LQ� PRUH� GHWDLO� LQ� WKH�
YDOLGDWLRQ�VHFWLRQ��

Convert Data Back to Original Domain 
7KH�ILQDO�VWHS�LQ�WKH�9*,�DOJRULWKP�LV�WR�FRQYHUW�WKH�
LQWHUSRODWHG�GDWD�IURP�WKH�QRUPDOL]HG�GRPDLQ�EDFN�WR�
LWV� RULJLQDO� GRPDLQ� WKURXJK� WKH� LQYHUVH� 5RVHQEODWW�
7UDQVIRUPDWLRQ�� 7KH� QRUPDOL]HG� GDWD� VHW� LV�PDSSHG�
WKURXJK� WKH� VWDQGDUG� QRUPDO� &')� DQG� WKHQ� DJDLQ�
WKURXJK� WKH�NHUQHO�VPRRWKHG� LQYHUVH�&')�JHQHUDWHG�
IURP�WKH�VWRUHG�YDOXHV�><@�DQG�>)@��

5(68/76�
7KLV�VHFWLRQ�LQWURGXFHV�IRXU�H[DPSOHV�WR�HYDOXDWH�WKH�
PRGHO¶V� SHUIRUPDQFH� JLYHQ� ��� \HDUV� RI� KLVWRULFDO�
ZHDWKHU� GDWD�� VDPSOHG� KRXUO\� DW� WKH� IROORZLQJ�
DLUSRUWV��6HDWWOH��6($���$OEXTXHUTXH��$/%���$WODQWD�
�$7/��� DQG� 0LQQHDSROLV� �063��� +XDQJ¶V� VWXG\�
VKRZV� WKDW�ZHDWKHU�YDULDWLRQ�KDV� WKH�JUHDWHVW� LPSDFW�
RQ� HQHUJ\� FRQVXPSWLRQ� LQ� KHDWLQJ�GRPLQDWHG�
ORFDWLRQV�� WKH� OHDVW� LPSDFW� LQ� FRROLQJ�GRPLQDWHG�
ORFDWLRQV�� DQG� WKH�PRVW� YDULDEOH� LPSDFW� LQ� EDODQFHG�
KHDWLQJ�FRROLQJ� ORFDWLRQV� �+XDQJ� DQG� &UDZOH\��
������� ,Q� RUGHU� WR� HYDOXDWH� WKH� PRGHO¶V� UREXVWQHVV��
WKH� VLWHV� DW� ZKLFK� WKH� YDOLGDWLRQ� VWXGLHV� DUH�
SHUIRUPHG� KDYH� EHHQ� VHOHFWHG� WR� UHSUHVHQW� HDFK� RI�
WKHVH� WKUHH� FOLPDWLF� FDWHJRULHV�� 6HDWWOH� DQG� $WODQWD�
ERWK�UHTXLUH�VLJQLILFDQW�DPRXQWV�RI�ERWK�KHDWLQJ�DQG�
FRROLQJ�� EXW� DUH� ORFDWHG� DW� RSSRVLWH� FRUQHUV� RI� WKH�
FRXQWU\�� $OEXTXHUTXH� LV� D� FRROLQJ�GRPLQDWHG�
ORFDWLRQ��DQG�0LQQHDSROLV�LV�KHDWLQJ�GRPLQDWHG��
)RU�HDFK�RI�WKHVH�FLWLHV�RYHU�WKH�\HDUV������WR�������
WKH� PRGHO� LV� XVHG� WR� HVWLPDWH� WHPSHUDWXUH� E\�
LQFOXGLQJ� KXPLGLW\� GDWD� DQG� VHOHFWLQJ� RQO\� WKH�
LPPHGLDWHO\� SUHFHGLQJ� DQG� IROORZLQJ� KRXU� DV� ODJV��
7R�YHULI\� WKDW�RYHU�ILWWLQJ�GLG�QRW�RFFXU�� WKH� ILUVW����
\HDUV� LQ� WKH�VHULHV�ZHUH�UHVHUYHG�DV�FDOLEUDWLRQ�GDWD��
DQG� HDFK� YDOXH� LQ� WKH� UHPDLQLQJ� ��� \HDUV� ZDV�
HVWLPDWHG��RQH�DW�D�WLPH��XVLQJ�WKH�9*,�PHWKRG���

7DEOH� �� FRPSDUHV� WKH� WHPSHUDWXUH� DQG� KXPLGLW\�
HVWLPDWLRQ�FRHIILFLHQWV�IRU�HDFK�RI�WKH�FLWLHV��7����7����
+���� DQG� +��� UHSUHVHQW� WKH� FRHIILFLHQWV� IRU� WKH�
WHPSHUDWXUH�DQG�KXPLGLW\�PHDVXUHPHQWV�WDNHQ�DW�WKH�
KRXUV� LPPHGLDWHO\� SUHFHGLQJ� DQG� IROORZLQJ� WKH�
PLVVLQJ� GDWD� SRLQW�� DQG�+�� LV� WKH� FRHIILFLHQW� IRU� WKH�
KXPLGLW\� YDOXH� DW� WKH� VDPH� KRXU� DV� WKH� WHPSHUDWXUH�
YDOXH�EHLQJ�HVWLPDWHG��
$V�REVHUYHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WKH�FRQWULEXWLRQ�
RI� WKH� WHPSHUDWXUH� ODJV� LV� HTXLYDOHQW� WR� OLQHDU�
LQWHUSRODWLRQ�LQ�WKH�QRUPDOL]HG�GRPDLQ��,Q�IDFW��ZKHQ�
RQO\� WHPSHUDWXUH� GDWD� IURP� WKH� KRXUV� LPPHGLDWHO\�
EHIRUH� DQG� DIWHU� DUH� XVHG� IRU� WKH� 9*,� PRGHO�� WKH�
HVWLPDWHG�UHVXOWV�DUH�RIWHQ�VLPLODU�WR�RU�HYHQ�VOLJKWO\�
OHVV� DFFXUDWH� WKDQ� WKRVH� REWDLQHG� ZLWK� OLQHDU�
LQWHUSRODWLRQ�� :KHQ� KXPLGLW\� GDWD� LV� DGGHG� WR� WKH�
FRYDULDQFH� PDWUL[�� WKH� DYHUDJH� DFFXUDF\� RI� WKH�
HVWLPDWHV� LPSURYHV� GUDPDWLFDOO\�� DV� VKRZQ� LQ� WKH�
QH[W� VHFWLRQ�� 7KH� VLJQLILFDQW� GLIIHUHQFHV� LQ� WKH�
KXPLGLW\� FRHIILFLHQWV� EHWZHHQ� FLWLHV� PD\� EH�
H[SODLQHG� E\� FOLPDWH� GLIIHUHQFHV�� +RZHYHU�� LW� LV�
ZRUWK� QRWLQJ� WKDW� WKH� ZHLJKW� RI� KXPLGLW\� GDWD� LV�
DSSUR[LPDWHO\� WKH� VDPH� LQ�6HDWWOH� DQG�$WODQWD�� ERWK�
FRQVLGHUHG�EDODQFHG�KHDWLQJ�FRROLQJ�ORFDWLRQV��,Q�DOO�
IRXU�FDVHV��WKH�V\PPHWU\�RI�WKH�KXPLGLW\�FRHIILFLHQWV�
UHVXOWV� LQ� D� VXP� YHU\� FORVH� WR� ]HUR�� )XUWKHUPRUH�� LW�
DSSHDUV� WKDW� WKH� FRHIILFLHQWV� FRUUHVSRQG� WR� DQ�
HVWLPDWRU� IRU� WKH�VHFRQG�GHULYDWLYH�RI�KXPLGLW\�ZLWK�
UHVSHFW�WR�WLPH���

)RU� HDFK� ORFDWLRQ�� WKH� KXPLGLW\� HVWLPDWLRQ�
FRHIILFLHQWV� IRU� +���� +��� +��� DUH� DOPRVW� H[DFWO\�
IDFWRUV� RI� ���� ��� ���� FRUUHVSRQGLQJ� WR� WKH� VHFRQG�
GLIIHUHQFH� TXRWLHQW� DSSUR[LPDWLRQ� RI� WKH� VHFRQG�
GHULYDWLYH� �&DQDOH� DQG� &KDSUD�� ������� )LJXUH� ��
VKRZV� WKDW� IRU� WKHVH� FRHIILFLHQWV�� ZKHQ� KXPLGLW\� LV�
HLWKHU� FRQVWDQW� RU� YDULHV� OLQHDUO\� RYHU� D� VSDQ� RI�
VHYHUDO�KRXUV��WKH�FRQWULEXWLRQ�IURP�KXPLGLW\�GDWD�LV�
]HUR�� 2QO\� ZKHQ� WKH� GDWD� IROORZV� D� FXUYDWXUH� �H�J���
QHDU� D� SHDN� RU� D� YDOOH\�� GRHV� WKH� KXPLGLW\� GDWD�
FRQWULEXWH� WR� WKH� WHPSHUDWXUH� HVWLPDWH�� 7KLV� KROGV�
WUXH� IRU� DQ\� FDVH� ZKHUH� WKH� KXPLGLW\� HVWLPDWLRQ�
FRHIILFLHQWV� VXP� WR� ]HUR� DQG� GLVSOD\� V\PPHWU\��
$VVXPLQJ� KXPLGLW\� LV� ZHOO� FRUUHODWHG� ZLWK�
WHPSHUDWXUH�� WKH�FXUYDWXUH� LQ� WKH� WHPSHUDWXUH�FDQ�EH�
HVWLPDWHG�IURP�WKH�FXUYDWXUH�RI�WKH�KXPLGLW\�VR�WKDW�
WKH� KXPLGLW\� GDWD� LPSURYHV� WKH� RYHUDOO� HVWLPDWLRQ�
TXDOLW\�� �

�
)LJXUH����(VWLPDWLRQ�&RHIILFLHQWV�RYHU�����GD\�

7DEOH�����
(VWLPDWLRQ�&RHIILFLHQWV�
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9$/,'$7,21�
,Q�DGGLWLRQ�WR�WKH�H[SHULPHQWV�HVWLPDWLQJ�WHPSHUDWXUH�
YDOXHV� LQ� WKH� IRXU� WHVW� FLWLHV�� VLPSOH� OLQHDU�
LQWHUSRODWLRQ� ZDV� SHUIRUPHG� RQ� WKH� VDPH� ���
YDOLGDWLRQ� \HDUV�� ,Q� )LJXUH� ��� DFWXDO� KLVWRULFDO� GDWD�
VSDQQLQJ�DSSUR[LPDWHO\�RQH�GD\�LQ�6HDWWOH� LV�SORWWHG�
ZLWK�WKH�HVWLPDWLRQV�IURP�ERWK�LQWHUSRODWLRQ�PHWKRGV��
$V� LQGLFDWHG� E\� WKH� UHVXOWV� IURP� WKH� VHFRQG�
GHULYDWLYH� RI� KXPLGLW\�� 9*,� SHUIRUPV� VLJQLILFDQWO\�
EHWWHU� DW� SHDNV� DQG� YDOOH\V� WKDQ� OLQHDU� LQWHUSRODWLRQ��
+RZHYHU�� WKLV� DORQH� GRHV� QRW� SURYH� WKDW� WKH� PRGHO�
SHUIRUPV� EHWWHU� LQ� JHQHUDO�� ,WV� RYHUDOO� HVWLPDWLRQ�
SUHFLVLRQ�LV�HPSKDVL]HG�LQ�)LJXUH����ZKLFK�FRPSDUHV�
WKH� &')V� RI� WKH� 9*,� HUURU� DQG� WKH� VWDQGDUG� OLQHDU�
LQWHUSRODWLRQ� HUURU�� FDOFXODWHG� IRU� HYHU\� HVWLPDWHG�
YDOXH� LQ�DQ����\HDU�SHULRG� LQ�6HDWWOH��7KH� ORQJ�WHUP�
WUHQG�UHYHDOV�WKDW�WKH�PRGHO�HUURU�VKRZV�VLJQLILFDQWO\�
OHVV�YDULDWLRQ�WKDQ�WKH�OLQHDU�LQWHUSRODWLRQ�HUURU��
7KH� PHDQ� RI� WKH� UHVLGXDOV� EHWZHHQ� WKH� HVWLPDWLRQV�
DQG� WKH� NQRZQ� KLVWRULFDO� YDOXHV�ZDV� DOVR� FRPSDUHG�
EHWZHHQ�9*,� DQG� OLQHDU� LQWHUSRODWLRQ�� 7KH� DEVROXWH�
YDOXH�RI�HDFK�UHVLGXDO��𝑒 �DQG�𝑒 ��LV�FDOFXODWHG�DV�
VKRZQ�LQ��(TXDWLRQ�����

𝑒 = |𝑇 − 𝑇 |�DQG��𝑒 = |𝑇 − 𝑇 |� ����

�
ZKHUH�𝑇�UHSUHVHQWV�WKH�DFWXDO�WHPSHUDWXUH�YDOXH��𝑇 �
LV� WKH� WHPSHUDWXUH� HVWLPDWHG� XVLQJ� 9*,�� DQG�𝑇 � LV�
WKH� WHPSHUDWXUH� HVWLPDWHG� XVLQJ� OLQHDU� LQWHUSRODWLRQ��
7KH�PHDQ�YDOXHV�RI�𝑒 �DQG�𝑒 �DUH�FDOFXODWHG�RYHU�
DOO� KRXUV� FRQWDLQHG� LQ� WKH����\HDU�YDOLGDWLRQ� SHULRG��
7DEOH� �� GLVSOD\V� WKH� UHGXFWLRQ� LQ� WKH�PHDQ� UHVLGXDO�
XVLQJ WKH� 9*,� PRGHO� UHODWLYH� WR� EDVLF� OLQHDU�
LQWHUSRODWLRQ��
7KH� SUHGLFWLRQ� FRPSDULVRQ�� HUURU� FRPSDULVRQ�� DQG�
HUURU� UHGXFWLRQ� DQDO\VLV� WRJHWKHU� FRQILUP� WKDW� WKH�
9*,� PRGHO� RXWSHUIRUPV� OLQHDU� LQWHUSRODWLRQ� RYHU� D�
UDQJH�RI�FOLPDWHV��

&21&/86,21�
7KH�UHVHDUFK�VKRZV�WKDW�WKH�KRXU�GLUHFWO\�EHIRUH�DQG�
DIWHU�HDFK�SRLQW�LQ�WLPH�SURYLGHV�WKH�PRVW�SUHGLFWLYH�
LQIRUPDWLRQ�� :KDW� GLVWLQJXLVKHV� WKH� PRGHO� IURP�
OLQHDU� LQWHUSRODWLRQ� LV� LWV� DELOLW\� WR� GHWHUPLQH�
HVWLPDWLRQ� FRHIILFLHQWV� IRU� RWKHU� PHWHRURORJLFDO�
SKHQRPHQD� DW� WKH� FRUUHVSRQGLQJ� KRXUV�� $GGLQJ�
KXPLGLW\� GDWD� WR� WKH� DQDO\VLV� SURYLGHV� D� VLJQLILFDQW�
LQFUHDVH� LQ� WKH� DFFXUDF\� RI� WHPSHUDWXUH� HVWLPDWLRQV�
IRU�WKH�FLWLHV�YDOLGDWHG�WKXV�IDU��
7KH� PXOWLYDULDWH� LQWHUSRODWLRQ� IUDPHZRUN� SUHVHQWHG�
LQ� WKLV� SDSHU� FDQ� EH� DSSOLHG� WR� DQ\� JHRJUDSKLFDO�

�
)LJXUH����6HFRQG�'HULYDWLYH�RI�+XPLGLW\�

�

�
)LJXUH����3UHGLFWLRQ�&RPSDULVRQ�

�
)LJXUH����(UURU�&RPSDULVRQ�

�
7DEOH�����

(UURU�5HGXFWLRQ�RI�9*,�0RGHO�

� (>𝑒 @�
�Û&��

(>𝑒 @�
�Û&��

9*,�(UURU�
5HGXFWLRQ�

WA� ������� ������� ����

GA� ������� ������� ����
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ORFDWLRQ�ZLWK� ORQJ�WHUP� KLVWRULFDO� GDWD�� )RU� WKH� IRXU�
YDOLGDWLRQ�H[DPSOHV�VWXGLHG�WKXV�IDU��WKH�UHGXFWLRQ�LQ�
UHODWLYH�HUURU�IRU�WHPSHUDWXUH�HVWLPDWLRQV�UDQJHV�IURP�
����WR������
)XUWKHU�GHYHORSPHQW�LV�QHHGHG�WR�HQDEOH�WKH�PRGHO¶V�
XVH� IRU� SUHGLFWLQJ� WZR� RU� PRUH� FRQVHFXWLYH�PLVVLQJ�
YDOXHV��$�SRVVLEOH�PHWKRG�KDQGOHV�HDFK�FRPELQDWLRQ�
RI� FRQVHFXWLYH� PLVVLQJ� YDOXHV� DFURVV� DOO� FRQVLGHUHG�
SKHQRPHQD� DV� D� VSHFLDO� FDVH�� )RU� HDFK� FDVH�� WKH�
VXUURXQGLQJ� WLPH� VDPSOHV� ZKLFK� EHVW� SUHGLFW� WKH�
PLVVLQJ� YDOXHV� DUH� LGHQWLILHG� DV� WKH� VHW� RI� EHVW� ODJV��
2QFH� WKH� ODJV� DUH� GHILQHG� IRU� DOO� VSHFLDO� FDVHV� VXFK�
WKDW�WKH\�KROG�WUXH�IRU�DQ\�ORFDWLRQ��WKH�PRGHO�FDQ�EH�
DSSOLHG� LWHUDWLYHO\� RYHU� WKH� GDWD� VHW�� XVLQJ� WKH�
FRUUHVSRQGLQJ�VHW�RI� ODJV�ZKHUH�HDFK�VSHFLDO�FDVH� LV�
LGHQWLILHG�� $GGLWLRQDO� IXUWKHU� UHVHDUFK� PXVW�
GHWHUPLQH� WKH� H[WHQW� WR� ZKLFK� 9*,� FDQ� HVWLPDWH�
FRPELQDWLRQV� RI� PLVVLQJ� SRLQWV�� )RU� LQVWDQFH��
PHDVXUHPHQWV� ZHUH� RQO\� UHFRUGHG� HYHU\� �� KRXUV�
GXULQJ�WKH�\HDUV������DQG������LQ�6HDWWOH��7KHUH�PD\�
QRW�EH�HQRXJK�GDWD�DYDLODEOH�IRU�WKH�PRGHO�WR�UHOLDEO\�
HVWLPDWH�WKH�PLVVLQJ�YDOXHV�RYHU�WKLV�SHULRG��
$SSOLFDWLRQV� RXWVLGH� RI� EXLOGLQJ� VLPXODWLRQ� DQG�
GHVLJQ� SURYLGH� IXUWKHU� PRWLYDWLRQ� IRU� DQ� LPSURYHG�
LQWHUSRODWLRQ�WRRO�IRU�PHWHRURORJLFDO�GDWD��5HOLDELOLW\�
RI� DXWRPDWHG� ZHDWKHU� VWDWLRQV� KDV� LPSURYHG�� EXW�
IDLOXUHV� VWLOO�RFFXU�� VR� WHFKQLTXHV� WR� ILOO�JDSV� LQ�GDWD�
DUH� VWLOO�QHHGHG��+LVWRULFDO�ZHDWKHU�GDWD�KDV�EHFRPH�
LPSRUWDQW�IRU�SUHGLFWLRQ�RI�LQVHFW��DQG�GLVHDVH�UHODWHG�
FURS� GDPDJH�� SUREDELOLW\� RI� IRUHVW� ILUHV�� GHFLVLRQ�
PDNLQJ� IRU� LUULJDWLRQ�� DQG� QXPHURXV� RWKHU�
DJULFXOWXUDO� DSSOLFDWLRQV� �$FRFN� DQG� 3DFKHSVN\��
��������
([SHULPHQWV� WR� HYDOXDWH� WKH� SHUIRUPDQFH� RI� WKH�
PRGHO� KDYH� DOVR� GHPRQVWUDWHG� LWV� XVHIXOQHVV� LQ�
LGHQWLI\LQJ� RXWOLHU� GDWD� SRLQWV�� :KHQ� WKH� PRGHO� LV�
DSSOLHG� RYHU� D� UDQJH� RI� GDWD�� LW� VKRXOG� SURGXFH� D�
SURILOH� WKDW� FORVHO\� UHVHPEOHV� WKH� HPSLULFDO� GDWD�� VR�
WKDW�DQ\�ODUJH�GLIIHUHQFHV�EHWZHHQ�WKH�PHDVXUHG�GDWD�
DQG� WKH� PRGHO¶V� HVWLPDWH� FDQ� VHUYH� WR� IODJ� HLWKHU� D�
SDUWLFXODUO\� LUUHJXODU�ZHDWKHU� HYHQW� RU� D� IODZ� LQ� WKH�
GDWD� LWVHOI�� 7KLV� DELOLW\� WR� DVVLVW� LQ� WKH� GHWHFWLRQ� RI�
KLVWRULFDO� VHQVRU� IDLOXUH� GHPRQVWUDWHV� WKH� PRGHO¶V�
EURDGHU� DSSOLFDWLRQV� LQ� RWKHU� UHVHDUFK� GRPDLQV� DV�
ZHOO���

120(1&/$785(�
><@�  �QRUPDOO\�DSSUR[LPDWHG�VDPSOH�GDWD�
>)@�  �GHQVLWLHV�DW�VDPSOH�GDWD�
Q�  �QXPEHU�RI�PHWHRURORJLFDO�SKHQRPHQD�XVHG�
N�  �QXPEHU�RI�KRXUO\�ODJV�
Ȉ�  �&RYDULDQFH�PDWUL[�
ϕ�  �9DOXH�RI�D�PHWHRURORJLFDO�SKHQRPHQRQ�DW�D�
� � JLYHQ�WLPH�

$33(1',;�
�(TXDWLRQ� ��� JLYHV� WKH� H[SHFWHG� YDOXH� RI� D� PLVVLQJ�
PHDVXUHPHQW�� ,W� LV� GHULYHG� IURP� WKH� FRUUHODWHG�
*DXVVLDQ�PRGHO��(TXDWLRQ����DV�IROORZV��

𝑓(𝝓) =
1

(2𝜋) |Σ|
exp −

1
2
(𝝓 − 𝝁) Σ (𝝓 − 𝝁) �

𝑓(𝜙 |𝜙 ,… , 𝜙 ,… , 𝜙 ,… , 𝜙 )

=
1

𝜎(2𝜋)
exp −
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ZKHUH�=

⎣
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𝜙
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⎥
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⎥
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���𝝁 =

⎣
⎢
⎢
⎢
⎢
⎡
𝜇

𝝁

⎦
⎥
⎥
⎥
⎥
⎤

���

Σ =

⎣
⎢
⎢
⎡𝐴

| 𝐵

𝐶 𝐷
⎦
⎥
⎥
⎤
���

𝜇   LV�WKH�FRQGLWLRQDO�H[SHFWDWLRQ�RI�𝜙 �JLYHQ�𝝓��𝜎 �LV�
WKH�YDULDQFH�RI�𝜙 ��DQG�EHFDXVH�Σ �LV�V\PPHWULF��
𝐵 = 𝐶 ��
([SDQGLQJ��
(𝝓 − 𝝁) Σ (𝝓 − 𝝁)

= (𝝓 − 𝜇 ) 𝝓 − 𝝁

× 𝐴 𝐵
𝐶 𝐷 ×

𝜙 − 𝜇
𝝓 − 𝝁 �

= (𝜙 − 𝜇 ) 𝐴(𝜙 − 𝜇 ) + 2 𝝓 − 𝝁 𝐶(𝜙 − 𝜇 )
+ 𝝓 − 𝝁 𝐷 𝝓 − 𝝁 �

= 𝜙 𝐴𝜙 − 2𝜇 𝐴𝜙 + 𝜇 𝐴𝜇 + 2(𝝓 𝐶𝜙 − 𝝁 𝐶𝜙
− 𝝓 𝐶𝜇 + 𝝁 𝐶𝜇 )
+ 𝝓 − 𝝁 𝐷 𝝓 − 𝝁 �

�
(𝜙 − 𝜇 ) 𝜎 (𝜙 − 𝜇 )

= 𝜙 𝜎 𝜙 − 2𝜇 𝜎 𝜙
+ 𝜇 𝜎 𝜇 �

$OLJQLQJ�VLPLODU�WHUPV��

(i) 𝜙 𝜎 𝜙 = 𝜙 𝐴𝜙   ∴ 𝜎 =  

(ii) −2𝜇 𝜎 𝜙 = −2𝜇 𝐴𝜙 + 2𝝓 𝐶𝜙 − 2𝝁 𝐶𝜙  
(iii) 𝜇 𝜎 𝜇 = 𝜇 𝐴𝜇 − 2 𝝓 𝐶𝜇 + 𝝁 𝐶𝜇 +

𝝓 − 𝝁 𝐷 𝝓 − 𝝁  

$VVXPLQJ�𝐴�LV�QRW�UDQN�GHILFLHQW��VROYH��LL��IRU�𝜇 ��
−𝜇 𝐴𝜙 = −𝜇 𝐴𝜙 + 𝝓 𝐶𝜙 − 𝝁 𝐶𝜙 �
𝜇 = 𝜇 − 𝝓 − 𝝁 𝐶𝐴 �
7KLV�LV�JHQHUDOL]HG�IRU�DQ\�SKHQRPHQRQ�𝝓�WR�VROYH�
IRU�D�VLQJOH�PLVVLQJ�YDOXH�𝜙 ��

Ε[𝜙 |𝜙 ,… , 𝜙 ,… , 𝜙 ,… , 𝜙 ] = −
1
𝐴
× 𝐶
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⎢
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$&.12:/('*(0(17�
7KLV� UHVHDUFK� LV� VSRQVRUHG� LQ� SDUW� E\� WKH� 1DWLRQDO�
6FLHQFH�)RXQGDWLRQ�XQGHU�JUDQW�()5,�6(('�$ZDUG�
���������� 7KLV� UHVHDUFK� LV� DOVR� SDUWLDOO\� VSRQVRUHG�
E\� WKH� *HRUJLD� 7HFK� 3UHVLGHQW
V� 8QGHUJUDGXDWH�
5HVHDUFK� $ZDUG�� $Q\� RSLQLRQV�� ILQGLQJV��
FRQFOXVLRQV�� RU� UHFRPPHQGDWLRQV� H[SUHVVHG� LQ� WKLV�
SXEOLFDWLRQ� DUH� WKRVH� RI� WKH� DXWKRUV� DQG� GR� QRW�
QHFHVVDULO\�UHIOHFW�WKH�YLHZV�RI�WKH�1DWLRQDO�6FLHQFH�
)RXQGDWLRQ�RU�WKH�*HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\��

5()(5(1&(6�
$FRFN��0���DQG�3DFKHSVN\��<��$����������(VWLPDWLQJ�

0LVVLQJ� :HDWKHU� 'DWD� IRU� $JULFXOWXUDO�
6LPXODWLRQV� 8VLQJ� *URXS� 0HWKRG� RI� 'DWD�
+DQGOLQJ���-RXUQDO�RI�$SSOLHG�PHWHRURORJ\��
39�����SS�������������

$JXLDU�� 5��� &DPHOR�� 6��� DQG� *RQoDOYHV�� +��� ������
�$VVHVVLQJ� WKH� 9DOXH� RI� 7\SLFDO�
0HWHRURORJLFDO� <HDUV� %XLOW� IURP� 2EVHUYHG�
DQG� IURP� 6\QWKHWLF� 'DWD� IRU� %XLOGLQJ�
7KHUPDO� 6LPXODWLRQ��� 3URFHHGLQJV� RI� WKH�
�WK� ,QWHUQDWLRQDO� ,%36$� &RQIHUHQFH� RE�
%XLOGLQJ�6LPXODWLRQ¶���LQ�.\RWR��2��SS������
�����

%KDQGDUL�� 0��� 6KUHVWKD�� 6��� DQG� 1HZ�� -��� ������
�(YDOXDWLRQ� RI� :HDWKHU� 'DWD� 6HWV� IRU�
%XLOGLQJ� (QHUJ\� 6LPXODWLRQ��� (QHUJ\� DQG�
%XLOGLQJV�����

&DQDOH�� 5�� 3��� DQG� &KDSUD�� 6�� &��� ������ 1XPHULFDO�
0HWKRGV�IRU�(QJLQHHUV��0F�*UDZ�+LOO��1HZ�
<RUN��

&KDWILHOG��&���������7KH�$QDO\VLV�RI�7LPH�6HULHV��$Q�
,QWURGXFWLRQ��&5&�SUHVV��

GH�:LOGH��3���$XJHQEURH��*��� DQG� YDQ�GHU�9RRUGHQ��
0��� ������ �'HVLJQ� $QDO\VLV� ,QWHJUDWLRQ��
6XSSRUWLQJ� WKH� 6HOHFWLRQ� RI� (QHUJ\� 6DYLQJ�
%XLOGLQJ� &RPSRQHQWV��� %XLOGLQJ� DQG�
(QYLURQPHQW��37�����SS�����������

(DWRQ��0��/���������0XOWLYDULDWH�6WDWLVWLFV��$�9HFWRU�
6SDFH�$SSURDFK��-RKQ�:LOH\�	�6RQV��

*RUPDQ��5��0����������,QWHUFRPSDULVRQ�RI�0HWKRGV�
IRU� WKH� 7HPSRUDO� ,QWHUSRODWLRQ� RI� 6\QRSWLF�

:LQG� )LHOGV��� -RXUQDO� RI� $WPRVSKHULF� DQG�
2FHDQLF�7HFKQRORJ\��26�����SS�����������

+DVVDQ��5����������$�&RPSDULVRQ�RI�WKH�$FFXUDF\�RI�
%XLOGLQJ�(QHUJ\�$QDO\VLV� LQ�%DKUDLQ�8VLQJ�
'DWD� IURP� 'LIIHUHQW� :HDWKHU� 3HULRGV���
5HQHZDEOH�(QHUJ\��34�����SS�����������

+RQJ�� 7��� DQG� -LDQJ��<��� ������ �6WRFKDVWLF�:HDWKHU�
0RGHO� IRU� %XLOGLQJ� +YDF� 6\VWHPV���
%XLOGLQJ� DQG� (QYLURQPHQW�� 30����� SS�� ����
�����

+X�� +��� ������ 5LVN�&RQVFLRXV� 'HVLJQ� RI� 2II�*ULG�
6RODU� (QHUJ\� +RXVHV�� 7KHVLV�� &ROOHJH� RI�
$UFKLWHFWXUH�� *HRUJLD� ,QVWLWXWH� RI�
7HFKQRORJ\��$WODQWD��

+XDQJ�� <�� -��� DQG� &UDZOH\�� '�� %��� ������ �'RHV� ,W�
0DWWHU� :KLFK� :HDWKHU� 'DWD� <RX� 8VH� LQ�
(QHUJ\� 6LPXODWLRQV"��� $PHULFDQ� &RXQFLO�
IRU� DQ� (QHUJ\� (IILFLHQW� 6XPPHU� 6WXG\��
(UQHVW�2UODQGR�/DZUHQFH�%HUNHOH\�1DWLRQDO�
/DERUDWRU\��3DFLILF�*URYH��

/HH�� %�� '��� 6XQ�� <��� +X�� +��� $XJHQEURH�� *��� DQG�
3DUHGLV�� &�� -�� -��� ������ �$� )UDPHZRUN� IRU�
*HQHUDWLQJ�6WRFKDVWLF�0HWHRURORJLFDO�<HDUV�
IRU�5LVN�&RQVFLRXV�'HVLJQ�RI�%XLOGLQJV���LQ�
6LP%XLOG�������0DGLVRQ��:,��

0DULRQ��:���DQG�8UEDQ��.���������8VHU
V�0DQXDO�IRU�
7P\�V�� 7\SLFDO� 0HWHRURORJLFDO� <HDUV��
'HULYHG�IURP�WKH�����������1DWLRQDO�6RODU�
5DGLDWLRQ� 'DWD� %DVH�� 1DWLRQDO� 5HQHZDEOH�
(QHUJ\�/DERUDWRU\��

5RVHQEODWW�� 0��� ������ �5HPDUNV� RQ� D� 0XOWLYDULDWH�
7UDQVIRUPDWLRQ��� 7KH� $QQDOV� RI�
0DWKHPDWLFDO�6WDWLVWLFV��23�����SS�����������

8�6�� (QHUJ\� ,QIRUPDWLRQ� $GPLQLVWUDWLRQ�� ������
�$QQXDO� (QHUJ\� 5HYLHZ� ������� YRO��
'2(�(,$�������������

:LOFR[�� 6��� 0DULRQ�� :��� DQG� /DERUDWRU\�� 1�� 5�� (���
�������8VHUV�0DQXDO� IRU�7P\��'DWD�6HWV���
1DWLRQDO� 5HQHZDEOH� (QHUJ\� /DERUDWRU\��
*ROGHQ��&RORUDGR��KWWS���ZZZ�QUHO�JRY�GRFV�
�I\��RVWL�������SGI��
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